This paper reports the design, fabrication and testing of two types of out-of-plane electret energy harvesters. Copper plates and flexible printed circuit board (FPCB) were used to fabricate the harvesters for a lower fabrication cost and a more robust structure. Several dielectric materials were investigated and SiO 2 /Si 3 N 4 double layers were found to have better charge stability. The measured surface potential and charge density of the SiO 2 /Si 3 N 4 electret were −400 V and 13.5 mC m −2 , respectively. It was found that charge stability could be improved by multiple corona charging cycles. Using SiO 2 /Si 3 N 4 as the electret material, the measured power output was 20.7 μW at 110 Hz for 2 G acceleration with a 50 M load for the copper harvester and 0.82 μW at 172 Hz for 2 G acceleration with a 30 M load for the FPCB harvester.
Introduction
Energy harvesting from ambient natural sources, such as vibration and ambient heat, is currently of great interest as self-sustainable power sources for low power CMOS VLSI applications such as wireless sensor networks or personal health monitoring. Among various harvesting approaches, electrostatic vibration-to-electricity conversion is attractive due to its compatibility to IC or MEMS processes and the ubiquity of vibration sources in nature. Electrostatic energy harvesters are capacitive devices and need a bias source to charge the variable capacitor in the harvesters. The bias sources include batteries or voltage supplies [1] [2] [3] [4] , pre-charged capacitors [5] [6] [7] [8] , work function difference between two metals [9] and electret [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Batteries are convenient and inexpensive voltage sources but they have a limited lifetime. Rechargeable batteries can be used to store the harvested energy at the cost of increased system complexity, nonetheless. Work function difference between two metal electrodes is only of the order of 1 V or less. Electret is a dielectric material with a quasi-permanent charge and surface potential of hundreds of volts; therefore, it can be used as a more practical self-sustaining bias source for electrostatic power generation. Vibrational electret energy harvesters are electrostatic micro power generators with vibration-driven variable capacitors biased by the permanent charge of the electret. The capacitance C = εA/d of the variable capacitors can be changed by changing the overlap area A [10] [11] [12] [13] [14] [15] [19] [20] [21] , the gap distance d [16, 17, 19] , or the permittivity ε of the dielectric medium between the two electrodes [22] . Electret energy harvesters with varying areas usually employ interdigit electrodes and patterned electret layers that have in-plane motions with respect to each other. The width of the electrode and the electret pattern is usually compatible with the displacement of the moving mass to increase the power output. However, it was reported in [23] that the charge density of the electret decreases with the reducing pattern width. Therefore, it is a less effective approach for small-displacement applications. Electret energy harvesters with varying gaps usually employ cantilever beams with an attached external mass to increase the power output [16] . A micromachined comb structure with the electret material deposited on the electrode sidewalls was also used for a gapvarying electret energy harvester [17] . The cantilever beams or micro machined high-aspect-ratio structures are less robust, especially when they are fabricated in brittle materials, such as silicon. Therefore, we propose in this paper a simpler stacked electret movable electrode structure of ductile or flexible layers for an out-of-plane gapvarying electret harvester to improve the robustness of the device. Since there are no interdigit electrodes or patterns in the device, the fabrication cost can also be reduced. The design, fabrication and testing of the harvesters will be presented.
Principles and analysis
The schematic of the gap-varying electret energy harvester and its operation circuit are shown in figure 1. The upper movable electrode forms a parallel-plate capacitor with the bottom electrode on whose surface the electret layer is deposited. Upon the action of the external vibration, the upper electrode moves in the out-of-plane direction, as shown in figure 1 , and the gap capacitance C 1 is changed. Since the alignment of the top and bottom parallel electrodes are not critical, they can easily be stacked together with a spacer that defines the gap. To increase the power output, an extra mass made of metal sheets is stacked on the center of the top electrode. The low profile of the extra mass minimizes the total height of the device and maximizes the volumetric power or energy density. The resonant frequency of the mass-spring system can be designed to match the vibration frequency to maximize the power output. The target vibration is at 120 Hz, which can often be found in machinery and household appliances [2] . Nevertheless, the operation and design principles can be applied well to other vibration sources, such as the low-frequency vibration caused by human motion. Two devices based on the schematic in figure 1 are proposed and demonstrated. The copper (Cu) harvester uses copper plates cut from standard copper sheets as the top electrode and the extra mass. The flexible printed circuit board (FPCB) harvester uses commercially available FPCB as the top electrode and a copper plate as the extra mass. The design of the two harvesters is described in the following.
Cu harvester
The top view and side view of the Cu harvester and its approximate beam length are shown in figure 2 . The thin Cu plate is used as the spring and the thick Cu plate is used as the mass. The dimensions and material properties of the plates are shown in table 1. The resonance frequency of the structure is [24] f 0 = 13.86 2π
thick Cu plate thin Cu plate spacer 
FPCB harvester
The top view and side view of the FPCB harvester are shown in figure 3 . The FPCB has two layers of polyimide (PI) with patterned Cu traces sandwiched in between. The spring is composed of four fixed-guided thin Cu-PI composite beams, as shown in figure 3(c) , to reduce the total length of the device as compared to the Cu harvester. The total spring constant of the four composite beams is
where L is the length and (EI) eff is the effective bending stiffness of the composite beam given by, where E j is the Young's modulus,
is the moment of inertia of the jth layer in the composite beam with respect to the neutral axis of the composite and W j , H j , H j are the width, thickness and distance between the centroid of the jth layer and the neutral axis of the composite, respectively. The width of the Cu trace and PI in the composite beam is chosen as 200 and 1000 μm, according to the design rules of the FPCB manufacturer. The calculated effective bending stiffness is (EI) eff = 5.38 × 10 −8 Nm 2 , using the material parameters in table 1. By neglecting the mass of the thin Cu-PI beams, the length of the beams can be calculated from the material parameters in table 1 to be 2.4 mm to match the 120 Hz vibration frequency.
The power generation circuit in figure 1 is composed of a bias charge of the surface charge density σ and the total charge Q t embedded in the electret, a vibration-driven variable capacitor C 1 and an external load R L . The initial gap distance between the electret and the movable electrode and the thickness of the electret film are g and d, respectively. When the vibration causes a relative displacement of the upper electrode with respect to the lower electrode, the change of capacitance induces a variation of charge on the electrodes and thus leads to an ac current through the external load resistor. The behavior of the harvester is governed by two equations,
The first equation is Kirchhoff's circuit law where Q t is the total charge in the electret and Q 1 (t) is the charge on the movable electrode. C(t) is the total capacitance between the movable electrode and the fixed electrode. It is composed of the series connection of two capacitors, 1
where C 1 (t) is the capacitance between the electret layer and the movable electrode and C 2 is the constant capacitance between the electret and the fixed electrode. The second equation is the equation of motion of the proof mass m, where x is the displacement of the mass with respect to the fixed electrode, y is the displacement of the external vibration mechanical domain 
where A is the area of the capacitance. The coupled equations cannot be solved analytically; therefore, the displacement x, charge Q 1 and the output power were calculated by the Simulink simulation shown in figure 4 . The electromechanical coupling between the mechanical (x) and electrical (Q 1 ) domains is through the change of x by the electrostatic force F e due to Q 1 and the change of Q 1 by the variation of gap capacitance C 1 due to x. Among the numerous design parameters of the harvesters, two were used to optimize the design for maximum output power, i.e. the initial gap g and the external load R L . The other fixed parameters for an exemplary design are listed in table 2. Figure 5 shows the output power for the initial gap from 100 to 500 μm, and the external load from 20 M to 1.5 G . It shows that the energy harvester can generate a maximum power of 2.02 μW for the load of 660 M when the initial gap is 160 μm. Even though analytical expressions are not available for the output power due to the nonlinear nature of the governing equations, a smallsignal model can be derived to describe the characteristics of the figure qualitatively. If the charge Q 1 (t) on the movable electrode is written as Q 1 (t) = Q 10 + Q 1 (t), where Q 10 is the dc bias charge and Q 1 (t) is the time-varying component of Q 1 (t) caused by the vibration, a governing equation of Q 1 (t) can be derived from equation (4),
where C 0 and E 10 = Q 10 /ε 0 A are the dc components of the capacitance C(t) and the electric field in the gap, respectively. The equivalent circuit model of equation (7) is a load R L connected to a vibration-driven voltage source E 10 x with an output capacitance C 0 and Q 1 is the charge on the capacitance. To maximize the power output delivered to the load in the model, the two impedances, R L and 1/ωC 0 , should be matched and they should be minimized. These two trends can be seen in figure 5 . Along the load axis, a local maximum can be found for the optimal load that matches the source output capacitance represented by the initial gap distance. Along the gap axis, the power can be increased by reducing the gap (and thus reducing the capacitive impedance). However, the minimum gap for stable operation is limited by the pull-in effect in this electrostatic device. Therefore, the device design parameters for maximum power are close to the pull-in region where the initial gap is less than 150 μm, as shown in figure 5 . Even though this device can generate a large amount of power, it only has a small range of operation conditions and fabrication tolerance. Therefore, a more practical device should be designed with less power output to reduce the sensitivity to input and fabrication variations. Since this harvester has a resonating structure, this means that deviations of device dimensions, material properties and input characteristics will cause a discrepancy in the measurement. However, this model can still be used to estimate these tolerances and the nonideality of the fabricated devices by fitting the parameters with the measured data.
Device fabrication and assembly
In recent years, a number of materials have been investigated for electret applications, including CYTOP [13, 15] strength; its thickness can be accurately controlled by the deposition process. In this research, the SiO 2 /Si 3 N 4 double layer was charged by corona discharging. The thickness of the oxide and nitride layers were 1 μm and 50 nm, respectively. The corona discharge setup was similar to that in [15, 16] . Negative voltage was applied to the needle electrode and the grid electrode; the back electrode was connected to ground. The sample was placed on a hot plate to maintain specific temperature conditions during charging. The charging experiment was conducted in an atmospheric environment. The gap between the needle tip and the grid electrode was 8 mm; the distance between the grid electrode and back electrode was 4mm. In our experience, a higher needle voltage did not increase the charge density significantly in the SiO 2 /Si 3 N 4 electret; therefore, the needle voltage was kept between -4 and −5 kV. The samples were prebaked on the hot plate for 30 min at 80
• C and then charged for 30 min at the same temperature. The baking and charging cycles were repeated multiple times to improve the charge stability [28, 29] . The surface potential was measured by an electrostatic voltmeter (Monroe Electronics Model 279). Figure 6 shows the improved short-term charge stability due to the additional charging cycles. Whereas the charge showed more rapid decay from the initial potential corresponding to the grid voltage after the first charging cycle, the charge becomes more stable after three cycles with the average charge retention rate improved from 77% to 94%. This can be explained by the discharge of the shallow charge traps in the dielectric after the first charging cycle and the stabilization of the deeper charge traps after three cycles [29] . Figure 7 shows the longterm charge decay of a sample with three charging cycles at a needle voltage of −4 kV and a grid voltage of −500 V. , where the dielectric constants of silicon oxide and silicon nitride are 3.9 and 7.5, respectively. For a similar length of the measurement time, the charge stability compares well with [19] and [25] . Furthermore, it might be inferred that the charge has reached stabilization since the ratio of the initial potential to the electret thickness is in the same range as in [19] . Other materials were also tested as they had potential as low-cost and flexible electret materials. Figure 8 is the preliminary measurement of the charge stability of thread seal tapes (3M PTFE) under various charging conditions. Acceptable surface potential and charge stability might be achieved under optimized conditions. However, the surface potential was low compared to the SiO 2 /Si 3 N 4 double layer. Therefore, the double layer was used in the energy harvester in the following experiments.
The device fabrication and assembly process is shown in figure 9 . In figure 9 (a), SiO 2 and Si 3 N 4 layers were sequentially deposited on a 4 silicon wafer by plasma-enhanced chemical vapor deposition. Next in figure 9(b) , as the spacer of desired thickness, a double-sided tape was bonded onto the silicon wafer. Then the sample was placed in the corona discharging setup to charge the SiO 2 /Si 3 N 4 double layer. In figure 9(c) , the top electrode was prepared by stacking two copper plates cut from standard copper sheets, according to the dimensions in table 1, for the copper harvesters. the 1 × 1 cm 2 thick copper plate was bonded to the FPCB in figure 3 . Finally, the top electrode was bonded to the spacer ( figure 9(d) ). Figure 10 shows the fabricated and assembled prototype harvesters. The devices in this study did not have insulation on the metal electrode surface; therefore, the vibration level and electrode displacement must be limited to prevent contact and possible loss of the electret charge. An insulting bump can be fabricated on the surface of the metal electrode or the electret in future studies to prevent a large contact area between the two surfaces in case of a large vibration level or shock. vibrometer. The resonance frequency is 108 Hz and the quality factor is 9.8 for this device. The difference of the resonance frequency between the measured and expected values are due to the variation of the exact length and mass of the top electrode. The device operation and power generation experiments were conducted using the setup in figure 12 . The harvester was fixed on an electromagnetic shaker and tested for different vibration and load conditions. A microscope was used to observe the motion of the electrodes. The amplitude of the relative displacement between the movable and fixed electrodes was estimated to be about 120 μm at 2 G vibration for a harvester with an initial gap of about 360 μm. No pull-in phenomenon was induced at this level of vibration, though it was observed at higher levels of vibration. Since there was no insulation on the top metal electrode, care must be taken to limit the input vibration level and prevent contact between the electrode and the electret. The maximum stress in the metal electrode at 2 G vibration can be calculated to be about 4 MPa, which is much lower than the yield stress 70 MPa of copper. Therefore, the mechanical reliability of the device is ensured.
Experiment and discussion
The output voltage was measured on the small input resistance of the oscilloscope in series with the load resistor R L . Figure 13(a) shows the output power of a Cu generator as a function of the vibration frequency for a 2 G excitation vibration and 50 M load. The generator has a maximum output power of 20.7 μW at 110 Hz. Figure 13(b) shows the output voltage waveform under the conditions for maximum output power. The measured output power for various excitation levels and load resistance is shown in figure 14 , where the power ratio P 0.25G : P 1G : P 2G is approximately 1:13:130. According to [30] , the maximum power of a linear velocity-damped resonant generator (VDRG) with unconstrained relative displacement x is proportional to the square of the excitation level. Therefore the theoretical power ratio is P 0.25G : P 1G : P 2G = 1:16:64. Whereas the power ratio at low-level excitation matches reasonably well with the theory, the power at 2 G is about twice as much as that predicated by the theory. While this phenomenon is being investigated, possible causes include nonlinear electro-mechanical interaction at large amplitudes and a variation of the surface potential/charge during operation. Figure 14 shows that the maximum power was achieved on a 50 M load, which is quite different from the optimal load of 660 M found in the Simulink simulation in figure 5 . The main reason is that the actual harvester is a 1 cm × 4 cm capacitor even though the electret area is only 1 cm × 1 cm. Thus there is a parasitic capacitance on the sides of the electret which was not accounted for in the simulation. The other causes of this discrepancy include the variation of the surface potential and initial gap distance due to fabrication errors. By taking the effects of parasitics into account and treating the surface potential and initial gap distance as fitting parameters, a more realistic simulation can be obtained to better match the measured data, as shown in figure 14 . Compared to the simulation without parasitics in figure 5 , both the maximum power and the optimal load for maximum power were reduced. Since the optimal load without the parasitic capacitance is usually very large (hundreds of M ) and thus makes the impedance matching to the load difficult, the effect of parasitics may be a solution to a lower and more reasonable optimal load. Further investigation is needed to study the trade-off between the maximum power and the load impedance.
For the FPCB harvester, figure 15 (a) shows the maximum output power occurs at 172 Hz, which is the resonance frequency of the fabricated device. Figure 15(b) shows the output power as a function of the load resistance. The FPCB harvester can generate a maximum power of 0.82 μW for 2G vibration at 172 Hz on a 30 M load. The difference between the measured and expected (120 Hz) resonance frequencies is due to the additional solder resist layer on the FPCB used to protect the metal traces and prevent solder bridging. The epoxy solder resist layer, which was not considered during the device design, has a thickness of 8-10 μm. From the measured resonance frequency, its Young's modulus can be estimated to be about 7 GPa, consistent with the reported values in the literature [31] . It is also noticed that the output power is relatively small compared to the copper harvester. The possible cause is the decay of the electret charge during the assembly. More experiments are in progress to investigate this issue.
Conclusion
This paper presents the design, fabrication and measurement of an out-of-plane electret energy harvester. The optimum values of the initial gap and the load to maximize the output power was found by the Simulink simulation. The experiments showed that the Cu harvester generated a maximum output power of 20.7 μW with a 2 G acceleration at the vibration frequency of 110 Hz for an external load of 50 M .
The FPCB harvester generated a maximum output power of 0.82 μW with a 2 G acceleration at the vibration frequency of 172 Hz for an external load of 30 M . The experimental results were different from the simulation due to the difference in the fabrication conditions and device characteristics. Various electret materials were characterized, including SiO 2 /Si 3 N 4 double layer and PTFE thread seal tapes. The charge stability can be improved by multiple corona charging cycles.
